Introduction {#Sec1}
============

Multiple myeloma (MM) is a hematologic malignancy of monoclonal plasma cell proliferation, which accounts for 10% of hematologic malignancies and has an annual incidence of approximately 4/100,000^[@CR1]^. The disease is typically associated with osteolytic bone disease^[@CR2]^, and is consistently preceded by precursor states of monoclonal gammopathy of uncertain significance (MGUS) and/or smoldering multiple myeloma (SMM)^[@CR3],[@CR4]^. Diagnosis of MM requires 10% or more clonal plasma cells in the bone marrow and/or a biopsy-proven plasmacytoma plus one or more of the following myeloma defining events: evidence of end-organ damage (hypercalcemia, renal insufficiency, anemia, or bone lesions) attributable to the underlying plasma cell disorder, 60% or more clonal bone marrow plasma cells, serum involved/uninvolved free light chain (FLC) ratio ≥100 (provided involved FLC level is ≥100 mg/L), or \>1 focal lesion (5 mm or more in size) on magnetic resonance imaging^[@CR1]^. Prognosis is related to the stage at diagnosis, comorbidities that may impact treatment options, performance status, serum albumin, age, and additional factors^[@CR5]^. Importantly, cytogenetic abnormalities such as t(4;14), t(14;16), t(14;20), gain 1q, del17p, and p53 mutations are associated with an adverse effect on overall survival (OS), and can be used to stratify patients into low- or high-risk disease^[@CR6]--[@CR9]^.

Advances in the treatment of MM have greatly improved OS over the past decade^[@CR10]^. Standard chemotherapy regimens for initial therapy include combinations such as bortezomib, lenalidomide, dexamethasone (VRd); bortezomib, cyclophosphamide, dexamethasone (VCd); and lenalidomide and dexamethasone (Rd)^[@CR6]^. New oral regimens for initial therapy are also under investigation^[@CR11]^. Modern treatment is stratified by eligibility for autologous stem cell transplant (ASCT). In patients that are eligible for ASCT, treatment usually involves 2--4 months of induction chemotherapy followed by ASCT. After transplant, maintenance therapy with lenalidomide or bortezomib is recommended in most patients^[@CR6]^.

The best OS estimates using modern therapy in transplant eligible patients are derived from the recent Intergroupe Francophone du Myelome (IFM) 2009 trial^[@CR12]^. This trial showed excellent outcomes, with OS rates in excess of 80% at 4 years. However, data from clinical trials may overestimate the benefit of therapy since patients with poor performance status and serious comorbidities are systematically excluded. Further, these trials are performed under ideal conditions with strict inclusion and exclusion criteria and specific treatment protocols. In contrast, modern medical practice is often complicated by delays in treatment, missed doses, and other confounding factors. Therefore, it is not clear whether the excellent survival of transplant eligible myeloma patients reported in recent clinical trials reflects what is achievable in a general clinical practice setting where only a small proportion of patients are enrolled into clinical trials.

The purpose of this study was to determine if OS of myeloma patients seen in a clinical practice setting matched the results of the IFM 2009 trial. The expansive patient database of the Mayo Clinic provides the opportunity to address this question by studying a cohort of consecutive myeloma patients during a defined time period. Further, few randomized trials have been performed to compare the effect of different pre-transplant induction therapies on survival. Therefore a second goal of the study was to conduct a brief comparative effectiveness analysis of VRd (the regimen used in the IFM trial) with other major induction regimens used during the study period at our institution.

Methods {#Sec2}
=======

Study cohort {#Sec3}
------------

We studied the outcome of consecutive newly diagnosed MM patients seen at Mayo Clinic who resembled the cohort studied in the IFM 2009 trial. To accomplish this, we first queried the Mayo Clinic multiple myeloma database to identify all patients with MM diagnosed at 65 years of age and younger who were seen at the Mayo Clinic between January 1, 2010 and August 31, 2015, and had a stem cell harvest performed within 12 months of initial diagnosis.

Electronic medical records were then reviewed for demographic data, physician notes, laboratory data, imaging studies, and pathology reports including bone marrow aspirates and fluorescent in situ hybridization (FISH) characterization. The following factors were abstracted: diagnosis date, first therapy regimen, ASCT date, progression and survivorship status and date (if applicable), progression reason, details of maintenance therapy, and tumor genetic abnormalities. Additional abstracted data included comprehensive laboratory data collected at initial diagnosis including hemoglobin, calcium, creatinine, serum M spike, kappa and lambda FLC levels, and presence or absence of lytic lesions. We excluded patients with baseline serum creatinine \>2 mg/dL. Overall, progression was defined by a medical indication for a change in treatment strategy. For patients who did not achieve first remission with the initial drug regimen, progression was defined by the date of a change of therapy; this was typically due to adverse drug effects or disease progression while on therapy. ASCT performed at first remission was considered to be a single treatment strategy, and was not considered to be a progression. Approval for this study was obtained from the Mayo Clinic Institutional Review Board according to federal regulations and in accordance with the Declaration of Helsinki.

Molecular cytogenetic classification {#Sec4}
------------------------------------

All cIg-FISH studies were performed for clinical purposes at the Mayo Clinic, Rochester, MN, USA as previously described^[@CR13]--[@CR15]^. Briefly, aspirate samples were enriched for mononuclear cells using ACK lyse, and cytospin slides were prepared. FISH analysis was performed using the following probes: 3cen (D3Z1), 7cen (D7Z1), 9cen (D9Z1), 15cen (D15Z4), 11q13 (CCND1-XT), 14q32 (IGH-XT), 13q14 (RB1), 13q34 (LAMP1), 14q32 (5′IGH,3′IGH), 17p13.1 (p53), and 17cen (D17Z1). Additional probes as needed were used to detect t(4;14), t(14;16), t(14;20), and other abnormalities based on the results of the initial screen. For the purposes of this study, the presence of trisomies of one or more odd-numbered chromosomes was classified as trisomies. A patient was classified into the specific trisomies and immunoglobulin heavy chain (IgH) translocation categories regardless of when these abnormalities were detected in the course of the disease as previously described, including after progression to MM, since these abnormalities are considered primary and present from the initial MGUS stage^[@CR13],[@CR16]^. Conversely, monosomy 13/del(13q) and del(17p) were considered only if they were detected within 1 year of diagnosis. Patients were initially classified into non-overlapping primary cytogenetic groups: trisomies, t(11;14), t(4;14), t(6;14), MAF translocations \[t(14;16) or t(14;20)\], unknown/other IgH translocation partner, both trisomies and IgH translocations, monosomy 14 in the absence of any other primary cytogenetic abnormality, and normal or insufficient plasma cells^[@CR6]^. Subsequently, groups were pooled together for additional analyses. The presence of del 17p, (14;16), (14;20), and (4;14) was defined as high-risk cytogenetics. If a high-risk cytogenetic abnormality was present, it was considered to be dominant and the patient was categorized overall as having high risk. All other patients were considered to have standard-risk cytogenetics.

Statistical analysis {#Sec5}
--------------------

Two-sided Fisher exact tests were used to test for differences between categorical variables. Two-sided Wilcoxon rank-sum tests were used to compare continuous variables. Kaplan--Meier analysis was performed to generate survival curves. Groups were compared with the two-tailed log-rank test. Multivariate analysis was performed using Cox's proportional hazards model. Median follow up time was calculated using the reverse Kaplan--Meier method.

Results {#Sec6}
=======

Patient characteristics {#Sec7}
-----------------------

A total of 518 patients (285 men and 233 women) were studied. Patient characteristics at diagnosis are shown in Table [1](#Tab1){ref-type="table"}. The median follow-up duration was 50.8 months (range, 5.1--90.1). Median age at diagnosis was 57.9 years (range, 32.8--65.0).Table 1Patient characteristicsCharacteristicNumber of patients (%)\
(*N*=)Male gender285 (55.0)Progression of disease337 (67.0)Deaths110 (21.2)**First regimen**Lenalidomide, dexamethasone (Rd)150 (29.0)Bortezomib, cyclophosphamide, dexamethasone (VCd), *n* (%)144 (27.8)Bortezomib, lenalidomide, dexamethasone (VRd)134 (25.9)Bortezomib, dexamethasone (Vd)42 (8.1)Ixazomib, cyclophosphamide, dexamethasone (ICd)16 (3.1)Carfilzomib, lenalidomide, dexamethasone (KRd)8 (1.5)Ixazomib, lenalidomide, dexamethasone (IRd)3 (0.6)Other21 (4.1)**Cytogenetics (data available in 482 patients)**High risk113 (23.4)Standard risk369 (76.6)

Cytogenetic abnormalities {#Sec8}
-------------------------

Cytogenetic data was available for 482 patients; 113 patients (23.4%) had high-risk disease and 369 patients (76.6%) had standard-risk disease. The detailed distribution of cytogenetic abnormalities is shown in Table [2](#Tab2){ref-type="table"}. Overall, 153 patients (31.7%) had IgH translocations, 175 (36.3%) had trisomies, and 77 (15.9%) had both trisomies and IgH translocations. Eight patients (1.7%) had monosomy 14 in the absence of other abnormalities. There were no patients with del 17, monosomy 13, or del 13q without other concurrent primary abnormalities.Table 2Distribution of cytogenetic abnormalitiesCytogenetic abnormalityNumber of patients (%)^a^Primary cytogenetic abnormalitiest(11;14)90 (18.7)t(4;14)50 (10.4)t(6;14)5 (1)t(14;16)19 (3.9)t(14;20)7 (1.5)t(14;other)54 (11.2)Trisomies254 (52.7)Monosomy 148 (1.7)Secondary cytogenetic abnormalitiesDel 17p49 (10.2)Monosomy 13185 (38.4)Del 13q16 (3.3)Other22 (4.6)Insufficient cells or no abnormalities detected45 (9.3)**Total482**^a^Total does not equal 482 or 100% due to overlap in cytogenetic abnormalities

Therapy {#Sec9}
-------

Details of Initial therapy are provided in Table [3](#Tab3){ref-type="table"}. The most common regimens used were Rd (*n* = 150), VCd (*n* = 144), and VRd (*n* = 134). Overall, 192 patients (37.1%) received doublet therapy, with Rd or bortezomib plus dexamethasone (Vd). Three hundred and five patients (58.9%) received triplet therapy. Of these, an immunomodulatory agent--proteasome inhibitor containing triplet was used in 145 patients (28%) and a proteasome inhibitor--alkylating agent containing triplet was used in 160 patients (30.9%). Comparative effectiveness analysis was performed among the 3 major groups: patients receiving doublet therapy, immunomodulatory agent--proteasome inhibitor containing triplet therapy, and proteasome inhibitor--alkylating agent containing triplet therapy. Only 21 patients (4.1%) received other regimens.Table 3Breakdown of induction regimenRegimenNumber of patients (%)**IMID/PI**145 (30%)VRd134 (25.9%)KRd8 (1.5%)IRd3 (.5%)**PI/alkylator**160 (30.9%)VCd144 (27.8%)ICd16 (3.1%)**Doublet**192 (37.1%)Rd150 (29%)Vd42 (8.1%)**Other**21 (4.1%)Abbreviations: *VRd* bortezomib, lenalidomide, dexamethasone; *KRd* carfilzomib, lenalidomide, dexamethasone; *IRd* ixazomib, lenalidomide, dexamethasone; *PI* proteasome inhibitor; *VCd* bortezomib, cyclophosphamide, dexamethasone; *ICd* ixazomib, cyclophosphamide, dexamethasone; *Rd* lenalidomide, dexamethasone; *Vd* bortezomib, dexamethasone

Maintenance {#Sec10}
-----------

For the 390 patients for whom we had enough follow up information to determine if maintenance was used, 216 (55%) received maintenance. One hundred and thirty-one patients received lenalidomide with or without dexamethasone, 78 received bortezomib with or without dexamethasone, 3 patients received thalidomide, 2 patients received ixazomib, 1 patient received carfilzomib, and 1 received bortezomib and lenalidomide.

Survival {#Sec11}
--------

The median OS has not been reached (Fig. [1](#Fig1){ref-type="fig"}). The 4-year OS rate of the whole cohort was 82.3%; 5-year OS rate was 76.1%. Survival was significantly superior for standard-risk myeloma versus high-risk myeloma patients, median OS not reached versus 67.4 months, respectively, *P* \< 0.001 (Fig. [2](#Fig2){ref-type="fig"}). Corresponding 4-year OS rates were 86.3% and 68.2%, respectively.Fig. 1Overall survival.The 4-year overall survival rate of the whole cohort was 82%; 5-year overall survival rate was 76.1%Fig. 2Overall survival by cytogenetic risk stratification.Median overall survival not reached (standard-risk myeloma; blue curve) versus 67.4 months (high-risk myeloma; red curve), *P* \< 0.001; corresponding 4-year overall survival rates were 86.3% and 68.2%, respectively

The 4-year OS rates for patients receiving an immunomodulatory drug--proteasome inhibitor combination (*n* = 145), proteasome inhibitor--alkylator combination (*n* = 160), and a doublet regimen (*n* = 192) were similar, 80.6%, 79.9%, and 83.6%, respectively, *P* = 0.67 (Fig. [3](#Fig3){ref-type="fig"}). High-risk myeloma patients were, however, more likely to be treated with a triplet combination, consistent with our clinical practice during the period of the study. Thus, among patients with high-risk MM (*n* = 110), 48 received an immunomodulatory drug--proteasome inhibitor combination, 39 received a proteasome inhibitor--alkylator combination, and only 23 received doublet therapy. In contrast, among patients with standard-risk MM (*n* = 352), 86 received an immunomodulatory drug--proteasome inhibitor combination, 113 received proteasome inhibitor--alkylator combination, and 153 received doublet therapy. The 4-year OS rates with these regimens stratified by cytogenetic risk classification are shown in Table [4](#Tab4){ref-type="table"}. Adjusting for cytogenetic risk, the OS between the 3 regimen classes remained non-significant, *P* = 0.93.Fig. 3Overall survival by induction treatment regimen.4-year overall survival rates with immunomodulatory drug--proteasome inhibitor combination (*n* = 145; blue curve), proteasome inhibitor--alkylator combination (*n* = 160; green curve), and a doublet regimen (*n* = 192; red curve) were similar, 80.6%, 79.9%, and 83.6%, respectively, *P* = 0.67Table 4Four-year survival rates of patients with newly diagnosed myeloma based on initial treatment and myeloma risk classificationRisk groupIMiD/PI (*n* = 134)PI/Alkylator (*n* = 152)Doublet (*n* = 176)Standard-risk myeloma (*n* = 352)^a^84.7%83.4%87.6%High-risk myeloma (*n* = 110)^a^70.2%73.0%60.9%*IMiD/PI* immunomodulatory drug--proteasome inhibitor containing triplet combination; *PI/Alkylator* proteasome inhibitor--alkylating agent containing triplet combination^a^Among patients with high-risk myeloma (*n* = 110), 48 received IMiD/PI, 39 PI/Alkylator, and 23 doublet. Among patients with standard-risk myeloma (*n* = 369), 86 received IMiD/PI, 113 PI/Alkylator, and 153 doublet

Progression-free survival (PFS) was not significantly different between the three groups, with median PFS 30.1 months (doublet), 31.2 months (proteasome inhibitor--alkylator combination), and 35.4 months (immunomodulatory drug--proteasome inhibitor combination), *P* = 0.5 (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Progression-free survival by induction treatment regimen.Progression-free survival with immunomodulatory drug--proteasome inhibitor combination (*n* = 145), proteasome inhibitor--alkylator combination (*n* = 160), and a doublet regimen (*n* = 192) were similar. Median progression-free survival was 35.4 months (immunomodulatory drug--proteasome inhibitor combination; blue curve), 31.2 months (proteasome inhibitor--alkylator combination; green curve), and 30.1 months (doublet regimen; red curve), *P* = 0.5

Timing of transplantation {#Sec12}
=========================

All patients per inclusion criteria were transplant eligible, and had stem cell collected within 12 months of diagnosis. Of these, 282 patients (54.4%) underwent early ASCT. Of those opting for a delayed ASCT (*n* = 236), 56 patients have undergone transplantation at the time of this analysis. On intent to treat analysis, the 4-year OS rate was 82.1% among patients undergoing early ASCT versus 81.8% among patients intending for delayed ASCT, *P* = 0.75. The median PFS was 32.7 months versus 31 months, respectively, *P* = 0.86.

Discussion {#Sec13}
==========

We found that the survival of transplant eligible patients under age 65 treated at Mayo Clinic was similar to the exceptional results observed in a recent prospective randomized clinical trial conducted by the IFM in a similar patient population^[@CR12]^. The 4-year OS in our study was 82%, identical to that reported in the IFM trial. Results from randomized trials may overstate the benefit with treatment since they are based on studies on highly selected patients who meet stringent eligibility criteria, and are therefore may not generalizable to the general population. Our results show that the gains in myeloma survival are indeed generalizable, demonstrating similar survival rates with minimal selection criteria. We chose consecutive patients seen at Mayo Clinic who met minimal thresholds for rough comparability to the IFM trial (age, transplant eligibility, and creatinine \<2.0 mg/dL) but did not use any other criteria to select or exclude patients. These results represent a continued improvement over the results reported in earlier studies by our group and others^[@CR10],[@CR17],[@CR18]^. As with the IFM trial, we found no differences in patients who opted for early ASCT versus those who decided to delay the procedure, 4-year survival rate 82.1% versus 81.8% respectively, *P* = 0.75. However, unlike the IFM trial, we did not find significant differences in PFS between the groups, but this may reflect a selection bias because assignment to the groups was not random, and patients not responding adequately to initial therapy may have been more likely to be offered early ASCT.

As expected, survival in myeloma continues to be affected by underlying cytogenetic risk stratification (Fig. [2](#Fig2){ref-type="fig"}). Of note, the 4-year OS rate was 68.2% in patients with high-risk disease. A recent update of the HOVON trial found that there may be heterogeneity in the outcome among patients classified as high-risk myeloma. In that trial, the 8-year OS rate was 30% among patients with t(4;14) and gain(1q), but 50% among patients with del(17p)^[@CR19]^. Our sample size is small to analyze the outcome by cytogenetic type, and we will continue to study this in future cohorts. Most patients in our cohort did not also benefit from the systematic used of bortezomib-based maintenance as was done in the HOVON trial; only 79 patients could be confirmed to have used a bortezomib-based maintenance regimen. This represents 20% of patients for whom maintenance could be confirmed or denied, and 15% of all patients. Further, the results of our study do not include more recent gains in myeloma therapy, especially the introduction of daratumumab and other immunotherapeutic approaches^[@CR20],[@CR21]^. We are hopeful that with these additions the outcome of high-risk myeloma will improve and approach that seen in standard-risk MM. However, additional new treatments for myeloma are needed since our results show no plateau in the PFS curves, confirming other observations by our group on the lack of curability in myeloma with current treatments^[@CR22]^.

We found no significant difference in PFS or OS by the type of initial therapy regimen used. However, since we have used a risk-adapted approach to therapy at Mayo Clinic^[@CR23]^, we cannot directly compare the regimens since high-risk myeloma patients were more likely to be treated with a triplet combination, while more patients with standard-risk myeloma received doublet therapy. It is possible that for transplant eligible patients with good availability of salvage regimens, OS is not affected by choice of induction therapy. Thus after adjusting for cytogenetic risk, the OS between the 3 regimen classes remained non-significant, *P* = 0.93. However, the added toxicity of VRd compared with a doublet regimen is minimal, and we defer to the results of the Southwest Oncology Group trial^[@CR24]^, and continue to recommend VRd as the standard regimen for initial therapy for most patients with newly diagnosed myeloma.

One limitation of our study is that it comes from a major referral center, and hence although we did not employ rigorous inclusion and exclusion criteria, patients studied may represent a selected subset not representative of general practice in patients of similar age in the US. We also included only patients who were considered "transplant eligible" and this may have excluded younger patients with poor performance status. Additionally, since a primary goal of this study was to compare the survival of our patients to those in the IFM trial, we also excluded patients with a creatinine greater than 2, which excluded those patients with poor renal status. More data are needed to examine these effects in specific cytogenetic groups. Finally, follow up is still short, and we will continue to observe this cohort to determine whether significant survival differences emerge with increased follow up between groups such as early versus delayed transplant.

We conclude that transplant eligible patients with MM have a 4-year survival probability in excess of 80%. Our findings will have an impact in accurate counseling of patients.

Supported in part by grants CA 107476, CA 168762, and CA186781 from the National Cancer Institute, Rockville, MD, USA, and by ASH HONORS trainee award.

Conflict of interest {#FPar1}
====================

A.D.---Celgene, Takeda, Pfizer, Prothena, and Alnylam (research funding). M.A.G.---Johnson and Johnson (honoraria). P.K.---Takeda, Amgen, and Sanofi (research funding), and Celgene and Sanofi (consulting fees). Y.L.---Janssen (research funding). S.K.K.---Abbvie, Celgene, Janssen, Merck, Novartis, Roche, Sanofi, and Takeda (research funding), and Skyline Diagnostics (honoraria). The remaining authors declare that they have no conflict of interest.
